Background and Purpose-The performance of validated prognostic clinical models in acute ischemic stroke might be improved by addition of data on blood biomarkers. Methods-We searched Medline and EMBASE from 1966 to January 2007 for studies of blood markers in patients with ischemic stroke and an assessment of outcome (death, disability, or handicap). We adopted several strategies to reduce bias. Results-Studies were generally small (median number of subjects, 85; interquartile range, 49 to 184). Few had evidence of a sample size calculation (7 of 82 [9%]) or reported blinding to whether patients had stroke (21 of 82 [26%]). Of the 66 studies reporting a measure of association, 10 did not adjust for age or stroke severity, 14 adjusted for age, 7 adjusted for severity, and 35 adjusted for both; 30% (20 of 66) used a data-dependent threshold to predict good or bad outcome. There was evidence of within-study reporting bias and publication bias. Cardiac markers showed the most consistent association with poor outcome. Conclusions-Blood biomarkers might provide useful information to improve the prediction of outcome after acute ischemic stroke. However, this review showed that many studies were subject to bias. Although some markers had some predictive ability, none of the studies was able to demonstrate that the biomarker added predictive power to a validated clinical model. The clinical usefulness of blood biomarkers for predicting prognosis in the setting of ischemic stroke has yet to be established. (Stroke. 2009;40:e380-e389.)
T he prediction of outcome after ischemic stroke is important for clinicians, patients, and researchers. The best validated clinical prognostic models 1 are probably not accurate enough to predict outcome in individual patients with stroke. The performance of clinical models might be improved by blood markers of any of the pathological processes in acute ischemic stroke such as inflammation, hemostasis, neuronal or glial injury, and cardiac dysfunction. Markers of inflammation and hemostasis have been associated with ischemic stroke and heart attack in prospective cohorts of stroke-free people, and it is plausible that markers of neuronal, glial, and cardiac damage could aid prediction of poor outcome after stroke. To examine the relationship between blood markers of ischemic stroke and outcome after acute ischemic stroke, we report a systematic review of the available evidence.
Methods

Study Identification
We searched Medline and EMBASE from 1966 to January 2007 for studies in patients with acute ischemic stroke, which examined venous blood markers and assessed clinical outcome. The search strategy included 13 terms for ischemic stroke, 4 for generic biomarkers, and 780 specific biomarker terms. Prognostic studies were identified using high-sensitivity search terms 2 together with common outcome measurements from stroke research (Rankin, National Institutes of Health Stroke Scale, Glasgow Outcome Scale). The electronic search strategy is available as supplemental appendix II.
Study Inclusion
Studies were eligible for inclusion if they: (1) reported results for patients with acute ischemic stroke (not transient ischemic attack); (2) assayed a venous blood marker not routinely measured in patients with ischemic stroke; (3) drew blood within the first week after stroke onset; and (4) measured outcome using death, disability, or handicap scales at a week or later after stroke onset. There was no study quality threshold or language restriction for inclusion. We considered only papers published in full because our resources were limited and abstracts did not contain sufficient detail to permit either methodological quality assessment or meta-analysis. We did not include studies that examined only the risk of subsequent stroke or myocardial infarction in patients with stroke or risk of stroke in asymptomatic study subjects.
Data Extraction
One author (W.W.) selected potentially eligible studies and these were reviewed by 2 of the other authors (A.S., W.L.C.). Data were extracted by one of the authors (W.W.) from all relevant studies; 2 other authors (A.S., W.L.C.) each re-extracted data from half of these and any disagreements were resolved by discussion. When we identified duplicate publication, we included the most informative cohort. We assessed study quality using the assay methods and study design sections of the REporting recommendations for tumor MARKer prognostic studies (REMARK) (supplemental Appendix III) reporting recommendations for prognostic tumor markers. 3, 4 To reduce bias in the assessment of studies with multiple blood draws and multiple outcomes, we prespecified which measures of association we would collect when more than one was given. When more than one biomarker was reported in a single study, we recorded data for each biomarker. When more than one outcome had been reported from a single study, we recorded the handicap measure (usually the modified Rankin Scale). If the handicap measure had been reported at more than one time point, we extracted the measure of effect taken closest to 3 months. When a single biomarker had been measured at multiple time points, we recorded the measure of effect for the sample taken soonest after the stroke. To ensure the review was comprehensive, and hence reduce the risk of introducing selection bias, we aimed to include studies irrespective of the method used to measure the association between biomarker and outcome. We noted the measure of association with outcome for each biomarker, which included ORs, hazard ratios (HRs), relative risk ratios, differences in mean marker levels between poor and good outcome, and correlation coefficients between outcome and marker levels. When unadjusted and adjusted measures of effect were reported, we took the most adjusted measure. After discussion with other experts (G.L., M.M.), biomarkers were classified by function and tissue of origin.
Analysis
Excel was used to draw plots of measures of effect (OR/HR/relative risk ratio) and standardized differences in means (difference in means/pooled SD) and their 95% CIs for each biomarker. After review of the data, summary estimation was felt to be inappropriate because of the differences in reported marker thresholds and units used in regression analysis. Vote counting of statistically significant studies, although superficially appealing, was rejected as an analysis method because of the risk of Type 2 error. 5 
Results
The Medline/EMBASE search identified 6033 publications, and a further 61 were identified from reference lists. All abstracts were reviewed, and 232 papers were read in full; 82 studies measuring a total of 70 markers were relevant (Table, supplemental Appendix I). Lists of articles are available on request from the authors. Studies were from: China (2), Denmark (4), Estonia (one), Finland (3), France (one), Germany (10), Greece (5), Israel (2), Italy (9), Malaysia (one), New Zealand (one), Norway (2), Poland (2), South Korea (2), Spain (16), Taiwan (2), Turkey (2), the United Kingdom (12) , and the United States (5). Figure 1 ). Twenty (25%) studies excluded patients with cancer or infection, 9 (11%) patients with cancer, and 7 (8%) patients with infection. The median number of biomarkers measured per study was 2 (range, 1 to 9), markers were sampled at a median of one time point (range, 1 to 10), and the median number of outcomes measured was one (range, 1 to 24). Of the 66 studies that performed a regression analysis, 10 adjusted for neither age nor stroke severity, 14 for age only, 7 for stroke severity only, and 35 made adjustment for both. No study reported the additional predictive value of models containing one or more markers to validated clinical prognostic models or to particular clinical features. Of the 51 studies that developed a logistic regression model and reported the numbers of outcome events and adjustment variables, 24 did not have sufficient outcome events to develop a reliable model (recommended minimum Ͼ10 outcomes/variable 6 ).
Methodological Assessment
There was marked asymmetry in a funnel plot (OR or HR against the standard error of log OR/HR), suggesting small study bias. This may represent differences in the methodology of small studies (which may have poorer methodology or patients with more severe stroke) or publication bias (ie, small studies showing little association between markers and outcome are less likely to be published).
Biomarkers as Prognostic Factors
Many markers showed an association with poor outcome whether by difference in means, regression coefficients, or relative measures of effect (Figures 2 and 3 ). Most correlations were weak (of 66 reported OR/HR/relative risk ratio, 37 Ͻ3) and so could be potentially explained by bias. Larger studies tended to have more modest measures of effect, and studies that calculated a threshold (34 of 64) had larger measures of effect. Thresholds were frequently data-derived. No one class of marker had a stronger association with poor outcome than others, although the effect of cardiac markers (troponin or natriuretic peptides) on outcome was remarkably consistent. Within each class of marker, no one marker clearly performed better than the rest. Most information was available for the markers fibrinogen and C-reactive protein, although meta-analysis of measures of effect was precluded by differences in reported units and thresholds for both markers; however, both seemed to have a weak and positive association with poor outcome, consistent across OR, HR, differences in means, and correlation coefficients.
Many studies that did not report a significant finding did not report the association of marker with outcome numerically; this could lead to bias in the assessment of those markers in which the majority of studies did not report significant findings. It is only for the following markers that the majority of the studies show a significant association between marker levels and outcome: adiponectin, brain natriuretic peptide, C-reactive protein, glial fibrillary acidic protein, glutamate, homocysteine, insulinlike growth factor, intercellular adhesion molecule, matrix metalloproteinase 9, platelet activator inhibitor, prothrombin fragments, soluble tumor necrosis factor receptors 1, tau, troponin i, troponin t, and thrombomodulin.
Discussion
Many of the blood markers in this review are associated with poor outcome after ischemic stroke. However, many publications have not established whether these markers add information to established clinical variables such as age or stroke severity let alone whether when added to a validated clinical prognostic scale that predictive power increases. Therefore, most markers are of uncertain clinical significance. The association of marker levels with poor outcome after ischemic stroke are in general higher than the association of the same markers with other outcomes, for example with the recurrence of vascular disease in patients with prior vascular disease. This stronger association could be because marker levels in patients soon after ischemic stroke predict (1) an increased risk of myocardial infarction or stroke over and above people with stable vascular disease; (2) markedly reduced brain recovery; (3) increased risk of other complications of stroke; or (4) biased studies.
Recurrence of Myocardial Infarction or Stroke
In patients with minor stroke or transient ischemic attack, the risk of stroke recurrence is highest in the first few weeks after stroke. 7, 8 However, in patients with more severe stroke, it is difficult to identify stroke recurrence. The association between blood markers and poor outcome after stroke might arise because of an association with an increased risk of stroke recurrence or myocardial infarction.
Most blood markers have a modest association with the development of coronary heart disease in population-based prospective studies of blood biomarkers. The ORs from meta-analysis include adiponectin 9 (OR, 0.84; 95% CI, 0.7 to 1.01) top third to bottom third; D dimer 10 (OR, 1.7; 95% CI, 1.3 to 2.2) top third to bottom third; ferritin 11 (OR, 1; 95% CI, 0.8 to 1.3) cutoff 200; intercellular adhesion molecule 1 12 (OR, 1.21; 95% CI, 0.95 to 1.55) top third to bottom third; C-reactive protein (OR, 1.7; 95% CI, 1.6 to 2.0) top third to bottom third 13 ; fibrinogen 13 (OR, 1.8; 95% CI, 1.6 to 2.0) top third to bottom third; and brain natriuretic peptide 14 (OR, between 1.3 and 5.7 for survival).
In patients with vascular disease, the association between marker levels and incident stroke was modest with CIs overlapping with those from the prospective cohorts of those asymptomatic at baseline: fibrinogen 15 (OR, 1.34; 95% CI, 17 and serum amyloid A (relative risk ratio per SD, 1.14; 0.99 to 1.44 per SD). 17 The associations between D-dimer, fibrinogen, C-reactive protein, ferritin, interleukin-6, and serum amyloid A and a poor outcome after stroke were also modest in studies in which no threshold was calculated. However, many other markers have much larger measures of effect; this could be due to a much stronger association of these markers with myocardial infarction and stroke recurrence than previously recognized, or there is another mechanism responsible for their association with poor outcome.
Stroke Recovery
An association between blood markers and poor outcome could arise because markers predict poor brain healing or the development of other stroke complications. For example, inflammatory markers after stroke are associated with increased lymphocyte infiltration and poorer recovery of brain tissue in experimental stroke, 18 the release of excitatory neurotransmitters such as glutamate as part of the ischemic cascade can increase apoptosis and neuronal and glial death, 19 and higher levels of anti-inflammatory markers might indicate strengthened intrinsic antiatherosclerotic mechanisms. Increases in neurotrophic or neuroprotective markers may be associated with improved neuronal recovery. 20, 21 Raised inflammatory markers are also associated with other conditions responsible for poor outcome such as patients who already have either cancer 22 or deep venous thrombosis. 23 Cardiac markers (natriuretic peptides and troponins) show a consistent association with poor outcome. Because cardioembolic stroke seems to have a poorer outcome than other stroke subtypes, 24 a possible explanation could be an association of cardiac markers with this stroke subtype. However, only brain natriuretic peptide 25 (and not troponin I 26 ) has been associated with cardioembolic rather than other stroke subtypes. Cardiac dysfunction simultaneously or shortly before the stroke or preexisting cardiac disease could also account for the association, although an association between marker levels and electrocardiographic changes was seen in only some studies. 27, 28 Another potential role of blood biomarkers is to distinguish groups of patients most likely to benefit from, or to be harmed by, a particular therapy. In the context of acute ischemic stroke, thrombolytic therapy is the most relevant. Only one randomized, controlled trial has reported on this, although it did not report on the presence of a treatment effectϫbiomarker level interaction for the markers measured (myelin basic protein, neurone specific enolase, and S100). 29 Several studies, based on groups of patients, all of whom had received thrombolytic therapy, reported on markers that might predict posttreatment cerebral hemorrhage, but the outcomes reported in these papers were largely radiological and no study reported results from a nontreated comparison group for comparison.
There are several strong clinical predictors for poor outcome after stroke, 30 for example, stroke severity, premorbid disability, and age, which may themselves be strongly associated with marker levels. Many studies of stroke prognosis, although by no means all, adjust for these potential confounders. However, adjusting for stroke severity is imperfect, and therefore residual confounding for stroke severity is likely to account for at least some of the association between markers and poor outcome.
Bias in Studies
Many studies calculated a threshold level of the marker for the prediction of poor outcome, although this approach has flaws. When there is an association between marker level and outcome, this is in most cases continuous rather than dichot- Measures of association of venous blood biomarkers and poor outcome with 95% CIs. ϩ, adjustment for age or stroke severity; ϩϩ, adjustment for age and stroke severity; ϩϩϩ, adjustment for age, stroke severity, and other factors. Data points are proportional to study size. omous. Calculating thresholds in a data-dependent fashion (for instance by receiver operating characteristic curve analysis) to optimize the prognostic performance of a blood biomarker can lead to implausibly large effect sizes. Although thresholds or reference intervals can be useful in clinical practice, they must be validated by applying the calculated marker threshold in a new separate cohort before being adopted into clinical practice. Unfortunately, dataderived thresholds are rarely repeated, and when they are repeated, they often are not confirmed by other groups of researchers. 31 The lack of sample size calculations in most studies suggests that the studies were performed opportunistically rather than with a careful, prespecified study design. Sample 
Whiteley et al Blood Markers for Prognosis of Ischemic Stroke
Whiteley et al Blood Markers for Prognosis of Ischemic Stroke e387
sizes need to be large to allow the detection of the moderate effect sizes that can be realistically expected and to overcome the problems of multiple comparisons in univariate analysis. Very often this problem is compounded by the measurement of biomarkers at multiple time points and the measurement of multiple clinical outcomes. When a logistic regression model is used to analyze study results, as a rule of thumb, sample size calculations should aim for at least 10 outcomes per variable to be entered in the final model. 6 Known prognostic variables for poor outcome such as age, stroke severity, and premorbid disability should be forced into logistic regression models, because their association with poor outcome after stroke is robust. Biomarker measurement is subject to both inter-and intrapatient random variation. Different batches of the same measurement kit and of different kits can have different performance for the same marker. Very few studies have attempted to compare the performance of different kits 32 to predict outcome.
Publication bias probably exists, because the funnel plot showed marked asymmetry, although other reasons for larger effect sizes in smaller studies such as less methodological rigor or increased stroke severity and stronger association with outcome in smaller studies are also possible. We have attempted to minimize within-study reporting bias by reporting both studies in which a relative measure of effect ( Figure  2 ) and a difference in means was reported (Figure 3) .
Limitations of Systematic Reviews of Prognostic Variables
Assessing the quality of prognostic studies is difficult. There is no generally accepted scale to assess the quality of reports comparable to the consolidated standards of reporting trials (CONSORT) guidelines for randomized, controlled trials and the standards for the reporting of diagnostic accuracy studies (STARD) guidelines for studies of diagnostic tests. There is a paucity of evidence to support many of the suggested measures of quality of prognostic studies such as well-defined inception cohorts.
There is no widely accepted way of correcting for publication bias, and furthermore within-study reporting bias becomes a problem when many markers and outcomes have been measured. Frequently, markers are reported to be "nonsignificant" without an estimate of the measure of effect with CIs. When thresholds have been chosen, they usually differ between studies. The interval for analysis in multiple logistic regression may be per unit, per log unit, or per quartile of biomarker. Adjustment in multiple regression analyses may be for different variables in different studies.
Conclusions
Blood biomarkers may be useful in acute ischemic stroke either by suggesting possible mechanisms for the etiology of poor outcome or as part of a clinically useful prognostic scale. The reported associations between particular markers and outcome may arise because markers predict recurrent stroke or myocardial infarction, stroke complications, or new diseases such as cancer. There is a sufficient risk of bias in the studies we assessed that really reliable conclusions cannot be drawn from the current literature.
Until we have further evidence on the ideal components of a prognostic study, it would seem reasonable that the following are attempted to minimize bias: a well-defined cohort of patients are assembled at an early and uniform stage in the disease, define subsequent treatment (eg, thrombolysis, stroke unit care), and multiple logistic regression should include known clinical prognostic variables (like age and stroke severity) whether or not they reach statistical significance in univariate analysis. To be clinically useful, markers should add predictive power to a validated clinical model and should be tested in a separate cohort. Although the REMARK 4 guidelines were initially reported for prognostic markers of cancer, the recommendations stand for all other fields of measurement of prognostic markers, including stroke, and we urge authors to read them before designing and reporting their studies.
Individual patient data meta-analysis of the best quality studies from this review could help to improve the precision of the measures of association between blood markers and poor outcome. However, for many markers, larger, better designed studies are needed before this can be attempted. 
WEB APPENDIX 1: Studies included in the systematic review
